INTRODUCTION
Citrus trees are widely cultivated in south-eastern Spain, where the predominant climate conditions are those typical of a semiarid zone characterized by rain scarcity. During the next 25 years, although irrigated areas will increase, sustainable quantities of fresh water supplies will be diverted from agriculture to meet the growing water demand in the municipal and industrial sector in the region [3, 10] . Therefore, the lack of water is the major limiting factor to expansion of irrigated agriculture in this area. Similarly, the use of saline water for irrigation will be necessary for agricultural development in many countries.
Citrus species are among the salt-sensitive horticultural crops. However, citrus response to salinity depends on several factors, such as rootstock-scion combination, irrigation system, soil type and climate [14] . One of the most important factors is the rootstock. There is a marked effect of citrus rootstocks on the uptake of Cl -and/or Na + [26] . Rootstocks with significant Cl -exclusion have a greater impact on the level of Cl -accumulated in leaves than the scion [1] . In the case of Na + , there are clearly complex interactions between the scion and the rootstock that modulate Na + concentration in the leaves [12] .
High concentrations of Cl -and/or Na + in leaves of citrus trees have been frequently related to disturbances in gas exchange, water relations and nutrition [5, 6, 19, 27] . Plants acquire essential nutrients from their root system environment. In a saline habitat, the presence of NaCl alters the nutritional balance of plants, resulting in high ratios of Na either by direct competition between ions or by the decreased osmotic potential of the solution reducing the mass flow of mineral nutrients to the root surface [7] . Under field conditions, citrus trees are not always irrigated with similar quality water in all months of the year. Low-quality water from aquifers may be employed in drought periods, whereas in some months good-quality water is available for crop irrigation. There is relatively little information on the response of citrus plants when salinity is relieved. Therefore, the present experiment was undertaken to evaluate the effects of NaCl application in the irrigation water, with respect to growth and tissue ion concentrations, and the subsequent recovery of plants watered with non-saline water.
MATERIALS AND METHODS

Plant material and growth conditions
The plant material used was two citrus cultivars frequently cultivated as rootstocks under saline conditions in Spain, Cleopatra mandarin (Citrus reticulata Blanco) and Sour orange (Citrus aurantium (L)). Forty uniform seedlings of Cleopatra mandarin and Sour orange were grown individually in 5-L pots filled with sterilized coarse sand in a greenhouse with day/night temperatures of 35/18 °C, day/night relative humidity of 55/ 75% and a 16- Initially, sodium chloride concentration was increased in increments of 10 mM day, to give a final NaCl treatment concentration of 50 mM. Salinity treatment was maintained for 90 days. At the end of the salinity period, four plants of the saline treatment were subjected to a relief period of 60 days, during which the plants received only the standard nutrient solution. Plants were randomized within the greenhouse every week, to avoid any potential positional effects. Therefore, the experiment was set up as a completely randomized design, including 2 salinity levels (control and 50 mM NaCl) and 2 cultivars with 4 replications of each salinity × citrus cultivar combination.
Growth and leaf nutrient determination
Plants were harvested after 0, 30, 60 and 90 days of exposure to the salinity treatment and after 60 days of recovery. Leaves, stems and roots were separated and weighed. Plant material was rinsed briefly with deionized water, oven-dried at 60 °C for 48 h, weighed, ground in a hammer mill and stored in the dark. Chloride and Na + were measured in all harvests, and complete leaf and root mineral concentrations were measured 90 days after beginning the salinity treatment and after 60 days of recovery.
Dried plant material was digested in concentrated nitric-perchloric acid (2:1, v/v) mixture, and Na + , K + , Ca 2+ and Mg
2+
were measured by atomic absorption spectrometry (PerkinElmer 5500). Chloride was extracted with water [9] and determined by ionic chromatography, using a Dionex-D-100 ion chromatograph, with an Ionpac AS12A 4mm (10-32) column and guard column. Total N was determined by the semi-micro Kjeldahl method. Total P was measured colorimetrically, using the molybdenum blue method [16] .
Statistical analyses
The datawere analyzed using analysis of variance (ANOVA) procedures and means separated by Duncan's multiple range test with the STATGRAPHICS package (Manugistic, Inc., Rockville, MD).
RESULTS
Growth
After 150 days of control treatment, Sour orange plants had higher total dry weight than Cleopatra mandarin plants. Salinity resulted in decreased whole-plant biomass in both cultivars ( Fig. 1) . By the end of the salinity treatment, on day 90, the reduction in plant dry weight with respect to the control plants was less in Cleopatra mandarin than in Sour orange (12 and 21%, respectively). On the other hand, the plant growth appeared to be affected by salt treatment after 90 days in Cleopatra mandarin (at the end of the experiment), while in Sour orange, it was affected after 60 days. Salinity decreased the accumulation of dry matter more in roots than in shoots of Sour orange, resulting in an 8% increase in the shoot/root ratio; however, similar reductions were observed in shoots and roots of Cleopatra mandarin (data not shown). After 60 days of relief, the plant dry weight of Cleopatra mandarin and Sour orange were about 84% and 76%, respectively, compared with control plants.
Leaf chloride and sodium concentration
During the salinization period, Cl -and Na + concentrations in leaves increased with salt treatment and with time of treatment. The highest increase in leaf Cl -and Na + concentration in Cleopatra mandarin and in leaf Na + concentration for Sour orange was observed between 60 and 90 days. However, in Sour orange, the highest increase in leaf Cl -concentration was between 30 and 60 days. By the end of the 90-day salinity treatment, the concentrations of Cl -and Na + in Cleopatra mandarin were higher than in Sour orange, reaching values of approximately 606 and 817 mmol kg -1 in Cleopatra mandarin and 526 and 230 mmol kg -1 in Sour orange, respectively (Fig. 2 ).
After 60 days of relief, differences were found between control plants and recovered plants in leaf Cl -and Na + concentration. Leaf Cl -and Na + concentrations of Cleopatra mandarin and leaf Na + concentration of Sour orange were reduced by 41, 50 and 56% (Fig. 2) , respectively, compared with plants exposed to salt for 90 days. However, leaf Cl -concentration of Sour orange plants increased by 11%.
Analysis of variance (ANOVA) showed significant differences in leaf Cl -and Na + concentration in the main effects and interactions between salt treatment, date and cultivar (Tab. I).
Root chloride and sodium concentrations
During the salinization period, the concentrations of Cl -and Na + in roots increased progressively with time in response to Figure 1 . Changes in plant dry weight, expressed as percentages with respect to control plants, of Cleopatra mandarin and Sour orange plants exposed to 0 or 50 mM NaCl for 90 days, followed by 60 days of relief from salinity. Data points are means ± standard error of 4 replicates. salt treatment until day 60, when root Na + and Cl -concentrations in Sour orange were higher than or similar to those in Cleopatra mandarin plants. However, these values had decreased by the end of the salt treatment (day 90), when, for root Cl -concentration, significant differences were observed only between salt-treated and control plants of Sour orange but not in Cleopatra mandarin plants. For root Na + concentration, similar values were observed for Sour orange and Cleopatra mandarin plants in the saline treatment, both being significantly different to control plants.
After 60 days of relief, root Cl -and Na + concentrations were reduced by about 37 and 27% in Sour orange, and 28 and 56% in Cleopatra mandarin, respectively, compared with values of salt-treated plants after 90 days (Fig. 3) . Due to these reductions, root Cl -concentration in both cultivars did not show differences between recovered and control plants. However, differences were found in root Na + concentration.
Analysis of variance (ANOVA) showed significant differences in root Cl -and Na + concentration in the main effects and in the interaction between salt treatment × date. However, the interactions salt treatment × cultivar, cultivar × date and salt treatment × cultivar × date were not significant (Tab. I) in root Cl -and Na + concentration.
Leaf and root mineral concentration
After 90 days of the salinization, the salt treatment reduced Ca 2+ , K + and total N in leaves of Cleopatra mandarin plants by about 20% compared with controls (Tab. II). In Sour orange plants, salinity increased leaf K + by 81%. For leaf Mg 2+ and total P concentration, no significant differences were found between salinity-treated and control plants, in both cultivars. After 60 days of relief, recovering plants had decreased leaf Mg 2+ , total N and Ca 2+ in Sour orange and increased leaf K + in Sour orange, and total N and total P in Cleopatra mandarin. Salinity decreased root K + concentration in Cleopatra mandarin, decreased root Ca 2+ and increased total P in Sour orange
Figure 2. Changes in leaf Cl
-and Na + concentrations of Cleopatra mandarin and Sour orange plants exposed to 0 or 50 mM NaCl for 90 days, followed by 60 days of relief from salinity. Data points are means ± standard error of 4 replicates.
Figure 3. Changes in root Cl
-and Na + concentrations of Cleopatra mandarin and Sour orange plants exposed to 0 or 50 mM NaCl for 90 days, followed by 60 days of relief from salinity. Data points are means ± standard error of 4 replicates. 
DISCUSSION
In Spain, Sour orange has been an excellent rootstock in citrus, for use in areas where salinity has been a problem, but it is highly susceptible to the tristeza virus [20] ; therefore, Cleopatra mandarin has been chosen to replace Sour orange as a rootstock. The present work confirms the high salt tolerance of Cleopatra mandarin and Sour orange cultivars, since plant dry weight reductions observed after 90 days of salinization were low (Fig. 1) . The results confirm the superior salinity tolerance of Cleopatra mandarin plants, since growth reduction by salinity was lower in Cleopatra mandarin than in Sour orange plants. This was observed previously by Zekri and Parson [29] , who studied the effects of NaCl on seven citrus rootstocks and observed that Cleopatra mandarin was more salt-tolerant than the other rootstocks employed, including Sour orange, for a treatment with 50 mM NaCl. However, in a 90 mM NaCl treatment, similar tolerance was observed for Sour orange and Cleopatra mandarin.
Plant growth of Sour orange and Cleopatra mandarin did not fully recover once stress was relieved and relative growth rate values (Fig. 1) for recovered plants were lower than for control plants. In many physiological studies on salinity, plant growth inhibition has been related to a reduction in photosynthesis Table II . Leaf nutrient concentrations (mmol kg -1 DW) of Cleopatra mandarin and Sour orange exposed to 0 or 50 mM NaCl for 90 days, followed by 60 days of relief from salinity. For each column, values with the same letter indicate non-significant differences at 5%. ns indicates non-significant differences. *, **, *** indicates significant differences at P < 0.05, 0.01 or 0.001, respectively. For n = 4 samples. Leaf Table III . Root nutrient concentrations (mmol kg -1 DW) of Cleopatra mandarin and Sour orange exposed to 0 or 50 mM NaCl for 90 days, followed by 60 days of relief from salinity. For each column, values with the same letter indicate non-significant differences at 5%. ns indicates non-significant differences. *, **, *** indicates significant differences at P < 0.05, 0.01 or 0.001, respectively. For n = 4 samples.
Root mineral concentration (mmol kg -1 DW) Salinity  90d  150d  90d  150d  90d  150d  90d  150d  90d  150d   Cleopatra mandarin  5  486a  293a  1075b  706c  100a  52a  1247a  833a  352c  288b   50  331b  305a  979b  778bc  89ab  63a  935a  921a  376c  303b   Sour orange  5  344b  300a  1263a  1018a  76bc  70a  1003a  860a  452b  374a   50  293b  315a  1030b  854b  65c  68a  1051a  963a  547a  351a Analysis of variance [15] . Therefore, our data suggest that during the relief period photosynthetic capacity was also decreased in both cultivars. However, in other plant species, such as in vines [4, 23] and olives [22] , it has been observed that values of photosynthesis recover within a few days of removing plants from saline treatment and that growth parameters returned to control levels despite high leaf Cl -and Na + concentrations.
Reduction of growth by salt treatment was not related to Cl -and Na + accumulations in leaves. For example, after 60 days of salinization, the leaf Cl -concentration was higher in Sour orange, whereas after 90 days, the leaf Cl -concentration was higher in Cleopatra mandarin (Fig. 2) . However, the reduction of plant growth was always greater for Sour orange. This could indicate that in the salt treatment, an osmotic effect and nutrient imbalance could have played important roles in plant growth reduction, via a relationship with reduced stomatal conductance and photosynthesis, as proposed by Walker et al. [25] . Ruiz et al. [17] found that the growth reduction of Sour orange by salinity was primarily caused by an osmotic effect. In addition, leaves of different Citrus species may differ in their abilities to partially exclude these ions (Na + and/or Cl -) from the cytoplasm where they could influence metabolic functions [29] .
Regulation of the uptake and transport of Na + and Cl -appears to involve different mechanisms. Our data suggest that the mechanism of Na + exclusion depends on preferential accumulation within roots. For example, in the 0-60-day salinization period, Sour orange roots accumulated a higher concentration of Na + than Cleopatra mandarin roots, but Sour orange leaves accumulated less Na + than Cleopatra mandarin leaves (Fig. 2) , showing that Sour orange could partially exclude Na + from leaves by accumulating Na + in the roots. A similar mechanism has been observed previously in Poncirus trifoliata [26] and its hybrids Swingle citrumelo and Carrizo citrange [21] . However, in this salinization period (0-60 days), the root Cl -concentrations were similar in Sour orange and Cleopatra mandarin, while Sour orange had a higher leaf Cl -concentration. These results suggest that the difference in capacity for Cl -exclusion in leaves of the citrus rootstocks is based on the ability to restrict Cl -transport from root to shoot and not on the preferential accumulation of Cl -within roots.
There are a number of reports that demonstrate that in citrus there is an upper limit to the extent of Cl -loading in roots [1, 6, 24] . For instance, Walker and Douglas [24] observed in roots of own-rooted plants of 'Rangpur' lime 'Kharna Khatta' and 'Etrog' citron, after 6 weeks under salinity treatment, that increasing the salinity from 25 to 100 mM NaCl did not increase further the Cl -in the roots of either rootstock. In our experiment, the similar concentrations of Cl -in the roots observed for both cultivars in the salinization period of 0-60 days indicates that in these cultivars also there is an upper limit to the extent of Cl -loading in roots. No upper limit to the extent of Na + loading in roots was observed, since increasing time of exposure to the salt treatment (0-60 days) increased Na + concentration in roots. However, at the end of the salinity period (90 days), a decrease was observed in the root Cl -and Na + concentration in both rootstocks, suggesting the roots lose their ability to regulate Cl -and Na + uptake and/or transport from root to shoot after a long period of salinization. In fact, the greater reduction of root Cl -concentration observed in Cleopatra mandarin compared with Sour orange suggests Cleopatra mandarin could have lost its ability to regulate the Cl -transport from root to shoot, increasing Cl -concentration in the leaves. This could explain why, at the end of the salinization period (90 days), the leaf Cl -concentration was higher in Cleopatra mandarin than in Sour orange, whereas after 60 days of salinization the opposite effect was observed.
The decrease in the accumulation of Na + and Cl -observed in Sour orange and Cleopatra mandarin leaves (except leaf Clin Sour orange) during the recovery period could be the result of the dilution effect due to the new leaf growth without high Cl -and Na + concentration, and some older leaves dropped from the plants (interaction date × cultivar × salinity is significant, Tab. I). However, we measured Cl -and Na + in the complete leaf. Therefore, it was not possible to establish the balance of Cl -and Na + between the end of salinization and the recovery period, and the mechanism involved in the accumulation of these ions in the recovery period could not be characterized. However, the increased accumulation of Cl -in Sour orange leaves during recovery could be the result of ion translocation within different plant tissues. In a previous stress-relief experiment in sweet pepper [28] , a drastic increase in leaf Na + occurred when the stress was relieved, followed by a decrease in root Na + .
Under saline conditions, the K + concentration in many glycophytes is severely reduced [8] . This was the case for Cleopatra mandarin, considered a Na + -accumulator cultivar, which exhibited decreased leaf and root K + concentrations in the salt treatment (Tabs. II and III). This may be due to the direct effect of Na + , displacing K + and/or causing the loss of K + from the root tissues. However, Sour orange, considered a Na-excluder rootstock, showed an increased leaf K + concentration, which balanced the increased concentration of Cl -ions. This may have resulted from substitution of Na + for K + or increased K + transport from the roots [13, 18] . High K + levels in Sour orange leaf laminae may act as the major monovalent cationic osmoticum in the presence of high external salt concentrations. Salinity reduced the Ca 2+ concentration in Cleopatra mandarin leaves, indicating that Ca 2+ translocation was inhibited in this cultivar. Similar findings have been reported for other plant species [11] . In addition, Zid and Grignon [30] demonstrated that translocation of Na + to the leaves of Sour orange leads to a displacement of the apoplastic Ca 2+ . On the other hand, our results show that leaf total N was decreased by saline treatment; therefore, competition between Cl -and NO 3 -N uptake may occur, which can decrease total N concentration in citrus leaves and N uptake by roots, as was observed previously by Cerezo et al. [2] in citrus rootstocks.
CONCLUSION
In conclusion, both citrus cultivars show a low ability to recover growth once salinity is relieved. In addition, it is difficult to clarify the mechanisms that are involved in the remobilization of Na + and Cl -and redistribution of ions within the plant during the relief period. Such an approach to future work in Citrus would provide a more precise insight into these mechanisms of redistribution.
